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ABSTRACT 
Nanocrystalline Silicon (nc-Si) is an important material for photovoltaic device 
applications.  Its excellent absorption, low defect levels and many other interesting properties 
help build high efficiency solar cells.  Its structure is very complex and is sensitive to 
contaminants and fabrication processes.  It needs a careful study so that a maximum outcome can 
be attained from the material. 
 
Nc-Si is highly prone to be defective and oxygen is one of the major sources of the 
defects.  In this thesis, systematic analysis of the fundamental properties of oxygen doped & 
boron compensated nc-Si are illustrated.  Thin film solar cells were fabricated using Plasma – 
Chemical Vapor deposition and various electrical & structural measurements like Capacitance – 
Voltage, Capacitance – Frequency, Reverse Recovery transient lifetime, diffusion length, Dark 
IV, Light IV, Quantum Efficiency, Raman etc. have been measured to probe the properties of the 
material.  
 
We show that oxygen in nc-Si increases both shallow and deep defect densities, with the 
shallow defects peaking at 0.35-0.4 eV and deep defects peaking at ~0.55 eV below the 
conduction band. These energetic locations are similar to energies for oxygen induced defects in 
crystalline Si.  The minority carrier lifetime is found to be inversely proportional to defect 
density which follows SRH recombination theory.  Dark IV has been measured and excellent 
correlation with defects has been witnessed.   
 
xi 
 
Oxygen degradation can be compensated by Boron doping and systematic analysis of 
various fundamental electronic properties has been done to understand the process of this 
compensation.  It has been observed that boron incorporation helps reduce the defects induced by 
oxygen, recovers lifetime and ultimately the efficiency of the solar cell. 
 
Variation in defects with changing grain size and crystallinity has been briefly discussed.  
Various applications of CF based measurement with amorphous Silicon, amorphous Silicon 
Germanium, nc-Si/a-SiGe novel superlattice devices and organic cells have been evaluated and 
shown that CF certainly is a useful method to characterize the samples.  Effect of MESA etching 
on the improvement of capacitance measurements is also presented. 
 
In the process of efficiently characterizing nc-Si, an excellent denoising technique using 
wavelet analysis has been developed to remove noise in defect profile measurements.  Careful 
analysis of Carrier lifetime data has also been developed.  Low frequency, high temperature 
capacitance measurements has also been extensively used without noise issues. 
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CHAPTER 1 INTRODUCTION 
Electrical Energy is the most important entity of modern civilization.  It is a set of 
physical phenomena associated with the presence and flow of electric charge.  The main reason 
for it being so widely present is because of its convenient way of transferring energy from one 
point to the other long distances and complex paths.  This game changing phenomena was 
initially discovered by Michael Faraday and first put to commercial use by Nikola Tesla through 
development of AC electric systems.  Since then, this energy has seen unprecedented demand all 
over the globe.  Just as food, water and oil supplies are important, electricity has also taken its 
position as an essential human need. Hence, generation of this energy is now one of the biggest 
tasks of all countries.  Figure 1.1 shows the historical demand for electricity in USA since 1950.  
This demand is ever increasing even in developed countries.  Developing countries like India, 
China have explosive demand with limited supply of resources.  More generation needs to be 
done to bridge this gap. 
 
Figure 1.1: Historical demand for Electricity in USA[1]. 
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1.1 Motivation for Solar 
Generation of this life blood is done in multiple ways but mainly dominated by coal since 
a long time.  Coal is used to heat water to steam which drive turbines that generate electricity.  
Pure carbon is converted to carbon dioxide in this process which is released as a waste to this 
atmosphere.  Due to the high demand for electricity and efforts to meet this demand, enormous 
amount of CO2 is released into the atmosphere causing a great change in ecological balance of 
nature.  Also, coal is present in the earth in limited quantities and cannot be regenerated back 
easily as its formation process takes about 300 years.  Lack of coal will drive electricity prices 
higher and will be a burden on common man.  Coal is certainly not the future as it is neither 
clean nor renewable. 
Other sources of energy include Nuclear, Hydroelectric, Geo-thermal, Wind and Solar 
energies.  Nuclear energy is a promising source but produces dangerous wastes which can be 
fatal if not handled properly.  Some clear examples are the Chernobyl & Fukushima reactor 
disasters which created immense damage to the environment that will take hundreds of years and 
trillions of dollars for cleanup.  Hydroelectric generation is widely used and is considered a very 
clean and renewable source.  Though it only uses water, it poses danger to the environment as it 
changes the natural course of a river and this world electricity demand cannot be met just by 
cutting rivers everywhere.  Geo-thermal uses the heat from the ground to produce electricity but 
is a very new research area which could be promising.  Wind energy is clean and renewable but 
there is a problem of changing the wind directions which ultimately might change the climate 
patterns on earth and can prove detrimental. 
 The only option left for mankind is Solar energy.  Without sun, there is no life on earth.  
The cleanest, renewable and most environmental friendly energy can only be obtained by 
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harnessing solar energy. Solar energy has enormous potential, and covering only 4% of the 
world's deserts with 10% solar panels would be enough to supply all of the world's electricity.  
Only the black spots on the map shown in Figure 1.2 are needed for total world power demand.  
Table 1.1 shows the actual areas of each deserts needed. 
 
Figure 1.2: World desert area requirements for Solar Power[4]. 
 
Location / Desert Desert size (km
2
) Required area (km
2
) Irradiance(W/m
2
) 
Africa, Sahara 9,064,960 144,231 260 
Australia, Great Sandy 388,500 141,509 265 
China, Takla Makan 271,950 178,571 210 
Middle-East, Arabian 2,589,910 138,889 270 
South America, Atacama 139,860 136,364 275 
U.S.A., Great Basin 492,100 170,455 220 
Table 1.1: Area requirements per continent [4]. 
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Despite having an enormous potential, solar power covers less than 0.02% of the world's 
total energy supply.  Year 2000 to 2010 were very productive for solar power industry with 
photovoltaic production growth averaging 40% per year since 2000, with total installed capacity 
of 69GW in 2011[2].  Figure 1.3 shows the exponential growth of installed solar power capacity.  
This sector will be witnessing high growth in the future and hence gives a great scope for 
research to scientists. 
 
Figure 1.3: Total installed Capacity for solar power [3]. 
 
1.2 Photovoltaic Device - Concepts 
A device that absorbs light energy and provides electrical energy is a photovoltaic device.  
A Photovoltaic device is a simple p-n junction diode and its characteristics are very similar to a 
large diode in dark conditions.  The properties vary upon illumination of light on the device.  
When light shines on the sample, the photon transfers an electron from the valence band to the 
conduction band creating an electron-hole pair.  An electric field in the depletion region of the p-
n junction separates the carriers to the edges of the device causing generation of extra current 
which can be represented as a current source in the equivalent circuit in figure 1.5.  The process 
is shown in the schematic in figure 1.4 
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Figure 1.4: Power generation mechanism in solar cell (when E-field extends throughout) 
 
 
Figure 1.5: Variation in IV curve with incident light (Inverted from 4
th
 quadrant) [5, 65] 
 
We can build an equation for the circuit in figure 1.4 to obtain a mathematical model 
using the standard diode equation.  The illuminated IV characteristics can hence be given by 
6 
 
Equation 1.1 where IL is the light generated current, Io is the dark current of the diode and n is 
the diode ideality factor.   
         
  
        Equation 1-1 
 
Three important parameters of the IV curve decide the efficiency of the photovoltaic 
device - Open Circuit Voltage (Voc), Short Circuit Current (Isc) and the fill factor (FF).  Isc is 
the current flowing in the solar cell when it is short circuited.  Voc is the voltage across the two 
terminals of the cell when they are isolated.  In a solar cell, to obtain maximum power out of it, 
the operating point needs to be set by adding a correct load resistance.  The power is then 
evaluated by multiplying voltage and current on that load resistance.  At some point, the power 
peaks its value and this point is our maximum operating point.  The fill factor is the ratio of this 
maximum power to the product of Voc and Isc and is an excellent indicator of efficiency.  We 
would like to have FF as high as possible so that maximum power can be generated. 
 
Equation 1.1 is only valid in ideal cases when there is only a diode and current generator.  
In a more realistic model, parasitic components play a major role in deciding the behavior of the 
device.  No device is perfect and hence there are resistances arising due to the imperfections.  
Some of the resistances that are present in a real device are shown in Figure 1.6. 
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Figure 1.6: Resistances in a real solar cell [66]. 
 
Series resistance in a solar cell has three causes: firstly, the movement of current through 
the p+ and n+ of the solar cell (a); secondly, the contact resistance between the metal contact and 
the solar cell (b); and finally the resistance of the top and rear metal contacts (b).  Significant 
power losses are also caused by the presence of a shunt resistance typically due to manufacturing 
defects. Low shunt resistance causes power losses in solar cells by providing an alternate current 
path for the light-generated current. Such a diversion reduces the amount of current flowing 
through the solar cell junction and reduces the voltage from the solar cell.  The bulk resistance & 
junction resistances in Figure 1.6 (c, d) aids in the increase of shunt current thus degrading 
performance.  When the series and shunt resistances are taken into account, equation 1-1 is 
modified into Equation 1-2 where Rs and Rsh are the equivalent series and shunt resistances and 
the equivalent circuit including the various resistances is shown in Figure 1.7. 
                     ( 
        
     )  
     
   
  Equation 1-2 
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Figure 1.7: Equivalent Circuit of a Real Solar Cell [5]. 
 
A high series resistance in the sample significantly reduces the fill factor of the device 
thus reducing the efficiency.  Similarly, even the shunt resistance affects the efficiency.  The IV 
curves are degraded by these components have been simulated individually and shown in Figure 
1.8 & Figure 1.9 respectively to understand the loss mechanism.  The slopes of the IV curves as 
indicated by the black lines yields us the series and shunt resistances of the cell. 
 
Figure 1.8: Loss due to high series resistance effect [5]. 
Rs 
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Figure 1.9:  Loss due to low shunt resistances [5]. 
 
The light generated current (IL) also depends on a number of parameters.  When the 
energy of a photon is equal to or greater than the band gap of the material, the photon is absorbed 
by the material and excites an electron from valence band into the conduction band.  Electrons 
and holes are created and this is the basis of generation of current IL [5].  Photons of energy 
lower than the band gap generally fail to generate Electron hole pair (EHP) and are rendered 
useless.  If the band gap of the material is low, it allows for lower energy photons to be absorbed 
which can yield higher efficiencies.  Once the carriers are generated, they should move to the 
electrodes of the device for power generation which happens either by diffusion or drift or both.  
Hence it is important that a device structure needs to be optimized so that the following three 
processes happen efficiently – Absorption of light, generation of EHP & Carrier Collection.  
These processes are hampered to run efficiently by the following negating phenomena shown 
below. 
1.  For Absorption of Light – Reflection loss, transmission loss, absorption Coefficient/Band gap 
of the material, thickness of cell. 
Rsh 
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2.  For Generation of EHP – geminate (band-band) recombination. 
3.  For Carrier Collection – Recombination mechanism during transport. 
1.2.1 Concept of Defects & Recombination Mechanism 
Defects degrade the performance of a solar cell.  They arise in a material due to variety of 
reasons.  Dangling bonds, impurity materials are some of them which are observed frequently 
especially in thin film semiconductor materials.  Silicon, as every other material also is bound to 
be defective.  In fact, no crystal in this world is defect-less.  There is always some amount of 
defects present in any material. 
 
When a semiconductor is doped with an impurity, extra impurity energy levels are 
introduced that generally lie within the energy band gap.  Some materials either create defect 
levels near the conduction band or valence band (shallow impurities) and some create near the 
midgap level (deep level traps).  Some materials can create both shallow and deep defect levels 
too.  There is no specific rule for this and it completely depends on how the impurity atom bonds 
with the parent material.  For example, Figure 1.10 shows the defect levels created by impurities 
in silicon. 
 
Figure 1.10: Positions of energy levels created by impurity atoms in Si. [26] 
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In Figure 1.10, note that materials like Gold have both an acceptor level and a donor 
level.  Also, if we look at defects created by Oxygen, it creates trap levels at 0.16eV, 0.38eV & 
0.51eV below the conduction band.  This is an important note that should be kept in mind as it 
will be re-addressed multiple times in the thesis.     
 
A process whereby electrons and holes are annihilated or destroyed is the recombination 
process.  Crystal defects, impurity defects as shown above can give rise to defect levels in the 
band gap.  These defect levels thereby act as intermediaries in the recombination process.  First 
one type of carrier and then the other type of carrier is attracted to the RG center.  The capture of 
electron and a hole at the same site leads to the annihilation of the EHP.  This is also called as 
indirect thermal recombination/non-radiative recombination.  Thermal energy is released during 
the process or equivalently, lattice vibrations (phonons) are produced (Figure 1.11). [67] 
 
Figure 1.11: Trap assisted recombination process [67] 
 
Similar to above, exact reverse mechanism is also possible.  The recombination centers 
act as intermediate centers for the process of generation.  Thermal energy is absorbed and the 
electron gets transferred to the conduction band in a two-step process through a trap.  Trap 
assisted generation – recombination processes have been mathematically modeled by Shockley 
and Read [60]. 
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1.3 Thin Film Solar Cells 
A solar cell deposited by using thin layers of material to form a p-n junction structure is 
called a thin film solar cell.  Myriad types of materials can be deposited on virtually any kind of 
substrate to form a photovoltaic device.  Very less amount of photovoltaic material is used to 
attain high efficiency compared to crystalline counterparts which reduces cost to manufacture.  
Also, if these cells are manufactured on thin plastic substrates, they can be made flexible which 
helps in easy installation and roll to roll processing possible (Figure 1.12).   
 
Figure 1.12: Roll – Roll Processing [6]. 
 
Thin film solar cells can be fabricated on steel, plastic or glass depending on the need.  
Also, a variety of materials exist viz. amorphous silicon, Copper Indium Galium diselenide 
(CIGS), Cadmium Telluride (CdTe), nanocrystalline silicon, many organic materials etc.  CIGS 
& CdTe have been proved to be very efficient with recent records as high as 20.4% & 18.7% 
respectively as of 2013 [7].  They are in direct competition with crystalline based materials and 
have a bright future.  Only shortcoming with these cells is the scarcity of the materials which 
increases the module cost.  Cheaper materials are necessary to compete with current 
conventional sources.  An obvious abundant material is silicon.  Amorphous silicon fabrication is 
a proven technology and much cheaper to fabricate than CIGS/CdTe.  But the best efficiency till 
date is 13.4% till date obtained by LG Electronics [7] and will further reduce when converted to 
modules.  Also, an important problem with amorphous silicon is the Staebler-Wronski effect [8] 
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which degrades the material upon light soaking thus reducing efficiency over time.  Annealing 
helps recover some of the damage [8] but there is efficiency reduction overall. 
1.4 Motivation 
Nanocrystalline Silicon is an important material for photovoltaic applications [9, 10] and 
has a potential to achieve high efficiency in energy conversion.  The material composition is 
highly complex and it needs to be carefully studied to get the best performance out of it.  The 
details are given in Chapter 2. Not many experimental analyses are available that study this 
materials property.  Extensive amount of work needs to be done to get better at knowing the 
material.  Some amount of research that has been done will be shown in Chapter 5. 
 
Fabrication of this material is done using Very high frequency Plasma enhanced chemical 
vapor deposition (VHF-PECVD) which will be discussed in detail in Chapter 3.  Due to the 
nature of fabrication and the sensitive nature of the material, significant densities of defects exist 
in the material thus reducing solar cell efficiency and oxygen is an important defect creating 
entity which is known to reduce efficiency.  In particular, very limited understanding is available 
for the effects of oxygen on the material.  No extensive study is available to see how the 
fundamental properties of nc-Si caused by oxygen change. 
1.5 Objectives 
Nanocrystalline silicon is an important material for photovoltaic applications.  It needs 
better understanding of its material properties so that it can be commercialized in future.  The 
research focuses on this issue.  Some of the goals we try to achieve through this work are 
described below –  
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 We will try to look at how the defects in nc-Si vary with variation in the amount of 
oxygen in the reactor gases. 
 Defects are measured using Capacitance – Voltage technique which gives the dopant and 
defect densities and a relatively newer Capacitance – Frequency technique which gives 
the profile of defects in the band gap. 
 We measure lifetime for each sample and try to correlate with defects and check its 
validity with SRH recombination theory. 
 Diffusion length, Mobility calculation, Dark IV and Light IV measurements also need to 
be correlated with defect variations. 
 Boron is known to compensate for the oxygen degradation effects in nanocrystalline 
Silicon.  A systematic controlled Tri Methyl Boron flow is used to compensate and all 
properties are measured to verify its compensation process. 
 Defects will also be measured with variation in crystallinity and grain size to further 
understand the properties of nc-Si. 
 Capacitance – Frequency technique is applied in various cases other than nc-Si to show 
its different applications to probe defect profiles in devices. 
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CHAPTER 2 PROPERTIES OF NANOCRYSTALLINE SILICON 
Nanocrystalline Silicon (nc-Si) is an important form of silicon.  It is a material that is 
somewhere in between amorphous silicon and poly silicon (that has micron-sized grains).  It has 
been first fabricated by Veprek & Marecek in 1968 and has been in extensive research since then 
due to its structural complexity.   
2.1 Structure & Electrical Properties of nc-Si 
It consists of nanometer sized crystalline silicon embedded in a matrix of amorphous 
silicon material.  A simple analogy for this material would be a watermelon where the seeds of 
the melon can be considered as the crystalline silicon and the fruit is the amorphous tissue 
surrounding the seeds as shown in Figure 2.1: Schematic of nc-Si material. (red color indicates 
crystalline part and yellow indicates the amorphous part).  The grain sizes vary from 5-100nm 
depending on how the material is fabricated and is controllable. 
 
Figure 2.1: Schematic of nc-Si material. 
 
The most important characteristic of this material is its band gap and absorption 
coefficients. N.Beck et. al. [11] have shown the absorption of this material as compared to 
amorphous and crystalline silicon.  It can be seen in Figure 2.2 that the band gap is actually less 
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than crystalline silicon and the absorption coefficient is about 2X greater too.  This implies that a 
much greater absorption is possible even beyond 900nm up to 1100nm wavelength.  The extra 
absorption might be arising from scattering of light due to the rough surface of the material.  
Also, there is absorption of light by the amorphous part of the material which could slightly 
increase it [9]. 
 
Figure 2.2: Absorption Coefficients of Silicon based materials [11] 
 
It is important to note that nc-Si has lower absorption than a-Si in the visible region.  This 
means that a higher thickness is needed for effective absorption of light or better light trapping 
techniques need to be used.  Equation 2-1 shows absorption Vs. thickness and it means that for 
better absorption, αt>>1.  Also, nc-Si is prone to cracks which create shunting problems in the 
material and fabricating thick films is a challenge [9]. 
           
          Equation 2-1 
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Where Nabs is the number of photons absorbed, No is the incident photons, α is the absorption 
coefficient and t is the thickness of the material. 
Note that Figure 2.2 shows that a-Si has absorption beyond its band gap too.  This is due 
to the presence of traps that cause sub band absorption.  In case of nc-Si, the sub band absorption 
is very low and in the range of 1 -10 cm
-1 
[9].  This is due to the significantly lower defects 
present in the material.  Our group has achieved defect levels as low as 1.5 x 10
15
/cm
3
 for the 
best device.  JD Cohen has reported defects in the range of 10
14
/cm
3
 [51].  Even though there are 
various sources of defects like grain boundaries (Figure 2.3), they are passivated by hydrogen 
during film deposition and amorphous silicon tissue surrounding it. 
 
Figure 2.3: nc-Si SEM image showing grain boundaries [17]. 
 
Other important properties of the material include the electron mobility which is of the 
order of 1 to 5 cm
2
/V-sec[12], diffusion length of about 1-5 m[13] and hole carrier lifetime of 
about 600ns-1sec[14,16] make this material for an excellent photovoltaic device.  Many groups 
have reported efficiency of about 9% is 2001[9] and currently Unisolar has reported 13.6% in a 
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single junction cell [15] in 2012.  Table 2.1 gives the summary of all properties of nc-Si.  Hence 
this material has great potential to be commercially available in the form of solar cell. 
Table 2.1: Summary of properties of nc-Si 
Property Value Range 
Bandgap 1.1eV 
Grain Size 10-50nm 
Mobility 1-5 cm
2
/V-s 
Defects 10
14
-10
15
/cm
3
 
Diffusion Length 1-2m 
Lifetime  600ns - 1s 
 
2.2 Carrier Transport Mechanism 
Due to the complexity of the material, the carrier transport is complex too and needs to be 
addressed carefully.  Carrier transport is an important part of a solar cell because generated 
carriers need to travel through the solar cell so that the power is generated.  
 
Charge transport in nc-Si is strongly influenced by its heterogeneous microstructure 
composed of crystalline grains and amorphous tissue.  An even bigger effect on transport is their 
arrangement in grain aggregates or columns separated by grain boundaries results in anisotropy 
of transport [17].  We will see in Chapter 3 that the growth of nc-Si is conical in nature because 
the crystallinity of the material increases with thickness if no other fabrication parameters are 
changed.  The structure schematic is shown in Figure 2.4.   
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Figure 2.4: Conical structure of nc-Si [17]. 
 
It has been proposed that the large grains were previously mistaken to be single grain and 
has been found that they are small crystallites grouped together [17].  Hence the old name is 
microcrystalline Si whereas actually it is nanocrystalline Si.  From Figure 2.4, it can be seen that 
the large grain boundaries formed due to collision of two cones creates significant amount of 
defects in the band gap (defect profile shown in the figure).  Hence transport when grain 
boundaries collide will be suppressed which is observed in the conductivity Vs thickness data in 
figure 2.5.  Beyond 0.6m, the significant drop is due to crystallinity increase that makes the 
cones big enough to collide with each other.  Hence, while making efficient devices, we need to 
keep in mind that neither the grain boundaries should collide nor the material should get 
amorphous.  Staying in this narrow transition phase is certainly a challenge. 
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Figure 2.5: Dark conductivity Vs crystallinity [17]. 
 
2.3 Advantages & Disadvantages of nc-Si: 
A great number of advantages exist for this material to be a photovoltaic device.  They are –  
 It has a higher absorption range compared to a-Si which will help generate power 
especially through the infrared region. 
 The defects are very low compared to a-Si thus drift + diffusion based transport can be 
used unlike drift-only based transport in a-Si. 
 There is virtually no light induced degradation of the material which keeps the efficiency 
constant for long periods of time [24]. 
 Solar cells generally operate at high temperatures around 750C.  When nc-Si is heated, 
the rate of emission from grain boundaries which act as recombination centers increases 
thus increasing the efficiency of the material with temperature [25]. 
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 It is Silicon – No toxic materials are used to achieve a low band gap material, it costs less 
and is abundant. 
This material still has some shortcomings that still keeps it in research phase away from 
commercialization.  They are – 
 Growing nc-Si needs special techniques such as hydrogen profiling which are very 
difficult to commercialize into a roll-roll processing format. 
 It is very sensitive to defects that arise from ppm amounts of air present in the reactor that 
will create recombination sites thus reducing overall efficiency. 
 Nc-Si is bound to be cracked along the grain boundaries as the thickness of the material 
increases and also if the morphology/texture of the base surface is changed for effective 
light trapping.  This can create shunt paths in the material thus increasing leakages. 
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CHAPTER 3 FABRICATION PROCESS 
As discussed in the previous chapter, nc-Si is mainly fabricated by using plasma 
enhanced chemical vapor deposition.  In this chapter, the fabrication steps followed at Iowa State 
University to create nc-Si nip based solar cells will be illustrated in detail. 
 
Stainless steel (SS) are cut into 1.5 x 1.5 inch substrates and are electro-polished at a 
machine shop before arriving for the fabrication of required structures.  Before the fabrication is 
initiated, they undergo a standard clean process to remove all unwanted contaminants.  The steps 
are shown as follows –  
1. Acetone Boil – To remove any dust & organic materials collected on the substrate. 
2. Methanol Rinse – To remove acetone residues. 
3. NH4OH + H2O2 Boil – This is a critical step.  Substrates are boiled in a mixture of 
NH4OH, H2O2 and water in the ratio 1:1:1.  A very vigorous reaction happens here that 
will help remove heavy metals that might have come during machining process. 
4. Methanol Ultrasonification – Used to remove any residues from previous step.   
The cleaned SS are then loaded into the plasma deposition reactors for device fabrication. 
3.1 Plasma Enhanced CVD 
Plasma enhanced chemical vapor deposition (PECVD) is a technique to convert gaseous 
reactants into solid products that get deposited on the substrate.  An electrode and substrate are 
placed together in the form of a parallel plate capacitor.  RF power is used to excite the gas in the 
capacitor that in turn triggers the deposition reaction.  Chakravarty [23] has briefly given the 
details of this reaction process. 
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Figure 3.1: Block diagram of PECVD reactor at Iowa State University. 
 
In a PECVD reactor (Figure 3.1), we have four different modules attached to the chamber 
(that holds electrode & substrate).  Vacuum system, RF power delivery system, gas delivery 
manifold and plasma characterization instruments work together to help control our deposition 
and in turn the properties of the material.  Vacuum system contains a roughing pump and a turbo 
pump that yields pressures upto 1 x 10
-7
 T.  Power generation is done from a pulse generator 
connected to a 60dB amplifier that feeds to the electrode via an impedance matching circuit.  The 
frequency used for our fabrication is 45MHz (VHF).  DC sheath voltage [27] is measured by 
using a multimeter and the RF power is measured using an oscilloscope (scaled down using 
resistors) & a power meter.  Figure 3.2 shows the reactors available at Iowa State University for 
fabrication of solar cells. 
Pressure 
gauge 
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Figure 3.2: Reactors 1(left) & 2(right) at Iowa State University. 
 
Cleaned SS is loaded into reactor 2 for fabrication of n+.  The first step after loading 
involves heating up the substrate to 300
0
C and performing a SiC dummy so that the walls of the 
reactor are coated which helps get rid of air/moisture contamination.  This is followed by a 
hydrogen etch that cleans and prepares our substrate for deposition.  Silane and 5% PH3 diluted 
in H2 is used to make our n+.  About 0.3m is grown so that the texture of the substrate does not 
create shorts in our device.  The pressure used for this deposition in 50mT.  Once n+ is cooled to 
150
0
C, it is ready for transfer into reactor 1 for fabrication of nc-Si.  Nc-Si is highly sensitive to 
contaminants and hence will need a separate cleaner reactor (free from dopant residues). 
 
3.2 Growth techniques for nc-Si 
Electrically excited plasma is generated using Silane and hydrogen as precursor gases 
that initiate the reaction of formation of silicon [9, 18].  The properties of this material can be 
varied depending upon the fabrication parameters employed.  Mainly two kinds of materials viz. 
amorphous silicon and nanocrystalline silicon are grown through this method.  These materials 
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can be intermixed with each other to achieve desired properties.  The growth chemistry for this 
plasma deposition has been described briefly in ref. [22, 23]. 
 
The parameters that can be controlled in Si deposition are Silane (SiH4) and hydrogen 
(H2) flow rates, RF power used for the plasma, chamber pressure and substrate temperature.  In 
order to form nanocrystalline silicon over amorphous silicon, either the Silane to Hydrogen flow 
ratio (hydrogen dilution ratio) has to be low or the plasma power needs to be high.  R. W. Collins 
et. al. [18] has provided an excellent phase diagram that shows the effect of hydrogen dilution 
ratio and thickness on material formation (keeping all other parameters constant). 
 
Figure 3.3: Phase diagram of PECVD Si:H made using 0.08W/cm
2
 RF power [18]. 
 
In Figure 3.3, the films were grown in oxide covered c-Si wafers.  The phase diagram is 
not the same for all types of substrates but should follow a similar trend.  This figure mainly 
indicates the bulk layer thickness at which the transitions between amorphous (a), mixed (a+c) 
& nanocrystalline phase occurs (c) as the dilution ratio(R) varies.  We can see that for R<10, 
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the amorphous silicon that grows remains a stable material for the entire deposition thickness of 
400nm.  When we make amorphous silicon solar cells, the goal must be to develop the material 
with this optimum dilution ratio [18].   
 
It must be understood that for the material that is growing on the top surface, the 
immediate bottom surface is very critical for its nature.  For example, if this method is used to 
deposit a-Si on a nc-Si substrate, the nc-Si phase continues to propagate and R needs to change 
to very low to make it amorphous [18] (maybe even go into the range of unstable a-Si in figure 
3.3).  Figure 3.4 shows the evolution of the crystalline phase with the dilution ratio. 
 
Figure 3.4: Diagram depicting the crystal formation in a device with dilution ratio [18]. 
 
Further if we increase R, we will enter into the mixed phase and nc-Si phase.  In order to 
grow a high quality nc-Si we need to use high dilution ratio for a certain constant power.  It has 
been seen that the best solar cells were made when the material is actually in the mixed phase 
because the grain boundaries need to be separated by a-Si tissue which will reduce the number of 
defects in the material thus reducing recombination and improving efficiency [20].  The red 
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arrow in Figure 3.3 & Figure 3.4 should be followed so that the best solar cell material quality 
can be obtained. 
 
To obtain the perfect material, we need to vary the dilution ratio as the thickness of the 
material increases.  This technique is called the Hydrogen profiling technique [20] and will be 
used very intensively in this project.  Other techniques that help get the required crystallinity are 
the plasma power profiling technique [21] and the a-Si/nc-Si superlattice technique developed by 
Dalal [19].  The main intention for all these material growth strategies is to make sure that the 
grain boundaries do not collide with each other and are carefully passivated by both a-Si and 
hydrogen to achieve lowest possible recombinations. 
 
3.3 I-layer Growth Procedure 
Once an n+ is made and loaded into reactor 1, some initial preparation is done before the 
actual deposition of nc-Si is initiated.  A thorough chamber etch followed by a substrate etch is 
done while ramping the temperature to (T+50) 
o
C (where T is the required temperature).  This 
follows a 45min long dummy layer where Si is deposited to carefully coat the reactor walls and 
reduce oxygen & moisture contamination to as low as possible.  Silicon was previously coated 
with low power and high amount of TMB (3sccm) but the process has been changed now to a 
high power and very low TMB (0.5sccm).  Using a high power increases the ion & radical 
energies and have been found to be more effective to reduce contamination.  During dummy, the 
temperature is reduced to T
0
C.  This is done to more rapidly approach the desired temperature. 
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The first layer deposited is the seed layer of a-Si.  An amorphous Si layer at low power is 
deposited and slightly doped with ppm amounts of flow of PH3 or O2 into the reactor so that 
there is a smooth transition at the n-i interface (Figure 4.13).  This has helped in reducing the 
series resistance of the final device.  This seed layer is used as a base for growing our nc-Si 
material.  Hydrogen profile technique is used and we need to make sure that the crystallinity is 
maintained all over the thickness of the device so that the red path in Figure 3.3 is followed. 
3.3.1 Nc-Si growth control technique 
In order to keep the crystallinity the same throughout the device, we employ a simple 
technique of layer by layer analysis.  Raman measurement is critical for measuring the amount of 
crystallinity of the deposited material.  In order to optimize the grading mechanism, we use 
Raman and thickness measurement (discussed in Chapter 4).  Surface Raman needs to be 
measured so that bottom layers do not interact with our analysis and only surface crystallinity is 
obtained.  We employ a laser at 488nm which has a very small penetration depth to do this 
characterization. 
 
We then grow nc-Si layers with a certain amount of grading first for 15mins and optimize 
the H2/SiH4 ratio to obtain a crystallinity of about say 60%.  Then we grow the next 15 mins 
(total 30mins) and measure crystallinity and adjust the grading times depending on its value and 
this process is repeated every 15mins until an i-layer thickness of about 1.2-1.5m is achieved.  
We then plot the optimized films Vs thickness attained to show the uniformity (Figure 3.5).  
Once an appropriate grading pattern is obtained, we can vary the SiH4 flow rate to get the 
required overall crystallinity. 
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Figure 3.5: Layer by Layer Raman profiling.  
 
A significant improvement in the Voc has been observed for a device with layer by layer 
analysis grading optimization Vs. the previously used grading methods.  Voc’s as high as 0.5V 
have been obtained using this technique (Figure 3.6).  Figure 3.7 gives the dilution ratio 
optimized to obtain uniform crystallinity on a-Si n+ substrate. 
 
Figure 3.6: IV comparison – optimized Vs non-optimized grading methods. 
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Figure 3.7: Optimized grading profile for high efficiency. 
 
Using this method, once the device is fabricated, it is followed by deposition of a thin a-
Si cap layer to prevent oxidation of the nc-Si layer.  This is followed by a fabrication of a p+ to 
finish the device.  The p+ consists of 3 layers – a-Si seed layer (for a clean surface to grow nc-
Si), nc-Si p+ and a-Si p+ layer (to act as a cap to prevent oxidation).  This completes the full 
device and sputtered ITO is used as contacts.  The final band diagram obtained for the device is 
shown below in Figure 3.8. 
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Figure 3.8: Band diagram of fabricated device. 
 
3.4 Sputtering of ITO 
Indium tin oxide is an excellent transparent semiconductor that is used in various 
applications like solar cell, LCD TV’s etc.  Indium and tin are in the ratio 9:1 which can give 
transmittance as high as 95% and resistivities in the range of 10
-4
 -cm [64].  The high 
conductivity of this material is due to its high concentration (N) and mobility hence has a lesser 
effect.   
There are various ways of deposition ITO and the most important technique is Plasma 
sputtering.  It involves knocking an atom or molecule out of a target material by accelerated ions 
and condensing them on the substrate.  The power to the plasma can be given in two methods – 
DC or RF power.  Previously in the lab, DC power was extensively used to generate plasma and 
for a new system built, due to the targets proximity to the turbo pump vent, the plasma generated 
was non-uniform which led to non-uniformity in the conductivity as shown in Figure 3.9.   
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Figure 3.9: ITO Resistivities (x10
-4
 cm) for DC sputtering at various locations about 1cm 
apart. 
 
The system was then converted to RF power based sputtering.  RF power is used because 
the sheath formation due to plasma generation [27] will not be localized at one place and will be 
oscillating between substrate and target.  This actually helps induce uniformity in the plasma and 
hence will help obtain uniform conductivity too as shown in Figure 3.10.  Excellent uniformity 
in film quality and state of the art conductivity has been obtained due to the use of RF plasma.  
This process has been standardized and is being used regularly at Iowa State University. 
 
Figure 3.10: ITO resistivities (x10
-4
 cm) for RF sputtering at various locations about 1cm 
apart. 
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3.5 MESA Etching 
The size of the solar cell that we grow is about 1 inch x 1 inch.  But the ITO contact on it 
has an area of 0.125cm
2
.  So, when we measure capacitance, we see fringing of the applied AC 
signal that can lead to bad capacitance data that we will need to measure defect densities.  It is 
important that the capacitance that we measure for the p-n junction has a well-defined known 
area.  Hence the remaining non-contact silicon part needs to be etched off. 
 
MESA etching is a well-known technique in Semiconductor industry [28] to etch silicon.  
It uses two main chemicals – Oxidizer (Nitric Acid) & Oxide etcher (Hydrofluoric acid).  The 
ITO contacts on our devices are masked by using Black wax which is heated and applied 
carefully.  Once the sample cools down, it goes into etching acid that comprises of Nitric acid, 
Hydrofluoric acid and water in the ratio of 10:3:5 (optimized for nc-Si in our lab) for about 20 
seconds.  All the exposed silicon first gets oxidized and then is etched off by HF.  Also, the walls 
of the remaining solar cell are oxidized too which is helpful in giving us a nice cylindrical 
structure (Figure 3.11).  The dotted line shows the device remaining after MESA etching. The 
device is now ready to be characterized. 
 
Figure 3.11: Device Schematic. 
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CHAPTER 4 MEASUREMENT TECHNIQUES 
Measurement of the parameters of the solar cell is an important part of any investigation 
as it yields the information that we need to further develop any research.  A thin film solar cell 
can be characterized in numerous ways to get structural and electrical information.  In this 
chapter, we will look at the relevant structural measurements first and then go to electrical 
measurements in detail. 
4.1 Structural Measurements 
4.1.1 Raman Spectroscopy: 
Raman spectroscopy is an important technique to analyze the vibrational and rotational 
modes in a material system.  In thin film silicon, especially in nc-Si, we can differentiate 
between the vibrational modes of crystalline parts and amorphous fraction.  This differentiation 
helps us pick up the fractions of each material present in the system. 
When a laser light shines on the sample, there are 4 types of phenomena happening – 
Rayleigh scattering, Infrared absorption, Stokes & Anti-stokes scattering.  We are not interested 
in Rayleigh scattering and any light close to wavelength of incident light is filtered off.  The 
Stokes & Anti-Stokes lines give us the necessary information (Figure 4.1). 
It has been observed that there are two distinct peaks observed for silicon in the intensity 
vs. wavenumber Raman plot – 480 cm-1 for amorphous silicon & 520 cm-1 for crystalline silicon 
[70].  Amorphous peak is a broad Gaussian peak due to greater disorder in the bonding whereas 
crystalline silicon is a fine Lorentz peak since the bond lengths have low variation.  The analysis 
involves separating the peaks from the total curve and calculating the heights of the individual 
peaks.  It is a common misconception that the areas of the peaks need to be used to calculate the 
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fractions but since one curve is a Gaussian and the other is Lorentzian, the area for crystalline 
portion is always much less.  Hence we consider the intensity/heights of the peaks as an indicator 
of crystallinity fraction in nc-Si (Figure 4.2).  N. Chakravarty has shown that a low power and 
longer integration times are needed for a noise free non-destructive measurement (not inducing 
unwanted crystallinity) [23]. 
 
Figure 4.1: Phenomena observed due to incident light [29]. 
 
 
Figure 4.2: Raman data on a typical nc-Si sample. 
 
Wavenumber (cm
-1
) 
In
te
n
si
ty
 (
au
) 
36 
 
 Note that the wavelength of laser light used on the sample can be tweaked to reveal 
specific data.  It is known that light of high wavelength has greater penetration depth than light 
of low wavelength.  So, surface Raman can be measured when a low wavelength is used 
(~488nm) and for a complete picture of the crystallinity of the total layer, we can use a high 
wavelength light (~632nm).  By using various laser wavelengths, we can actually try to profile 
the crystallinity over the complete thin film. 
4.1.2 XRD Measurement: 
X-ray Diffraction is a robust technique to measure the size of the crystalline portion of 
nc-Si.  Y. Sun [30] has shown that we can detect <111>, <220> & <311> peaks at 28, 46 & 56 
degrees respectively.  The most crucial plane is <220> as it determines the properties of transport 
of the carriers in nc-Si.  Higher the <220> grain size, better are the device properties due to 
reduction in grain boundaries. 
Figure 4.3 shows a typical XRD curve obtained on nc-Si sample [23].  You can see that 
there are distinct peaks at 28
0
, 44
0
, 46
0
 & 56
0
.  The peak at 44
0
 is due to the stainless steel 
substrate that we used to grow the cell. 
 
Figure 4.3: Typical XRD Curve on nc-Si sample. 
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4.1.3 Optical Spectroscopy 
Optical characterization of thin films can yield good amount of data about the material.  
The first basic outcome from the measurement is the thin film thickness.  When there is a thin 
film on a stainless steel, there are two reflections for an incident light – one from the SS surface 
and the other from the thin film surface.  They interfere with each other forming interference 
fringes.  The distance between the fringes is a direct indicator of the thickness of the film.  It can 
be calculated by using Equation 4-1 as derived by Swanepoel [31]. 
 1221
21
2 nn
d



  Equation 4-1 
Optical spectroscopy can yield band gap of the material when the sample is grown on a 
glass through transmission measurement.  This analysis can be seen in Ref. 31 and is not relevant 
here.  Figure 4.4 shows the reflection data on a typical sample.  The peaks and valleys can be 
used to determine the thickness.  We also need to know the refractive indices at the wavelengths.  
Again, this can be determined by performing a certain analysis as described in Ref. [31]. 
 
Figure 4.4: Typical Reflection data for a thin film sample. 
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4.2 Capacitance – Voltage Measurement 
The most basic and robust measurement technique for evaluating the defects is the 
Capacitance – Voltage measurement.  It has been first developed and applied to material defects 
by Kimerling in the year 1974 [32].  This measurement technique can give us carrier densities, 
depletion widths, deep trap densities etc.  But, in case of thin film solar cells, the measurement 
gets complicated due to inductance effects, series resistance effects etc. [33].  But if carefully 
done, we can obtain excellent information about the defects. 
 
The standard analysis assumes that the traps are uniformly distributed over the i-layer.  
The capacitance hence can be evaluated by using the formula (derived in [34]), 
2 ( )( )
2( )D
q N W
C V
V V
 

 Equation 4-2 
where C(V) is the capacitance per unit area, VD is the diffusion voltage and N(W) is the total 
space charge density at the edge of the depletion width.  When 1/C
2
 is plotted against V, a 
straight line is obtained whose slope is inversely related to N(W).  This space charge density 
comprises of all the traps that are responding to the applied conditions.  The CV plot is not linear 
for all voltages and it saturates to a fixed value beyond a certain voltage especially in thin film 
solar cells because the depletion width is limited to about 1-1.5m. 
 
The concept of trap density evaluation using CV is shown in Figure 4.5.  When 0V is 
applied to the device, some part of the device i-layer is depleted with a depletion width (d).  The 
traps above the quasi Fermi level (Efn) are devoid of electrons which capture conduction band 
electrons that limit (d).  When a slight reverse bias is applied to the sample, Efn is pushed 
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downwards because the electrons are pulled out.  This increases the depletion width and more 
number of traps are now devoid of charges (since they are now above the quasi Fermi level).  
Depending on the number of traps present, the rate of change in depletion width d with voltage 
varies.  If number of traps are high, then d changes slowly with voltage.  Similarly, d change 
is fast with low traps because the number of traps devoid of charges is less and the voltage needs 
to increases depletion width until steady state.  Capacitance exactly follows the change in 
depletion width.  As the voltage increases, at some point the complete i-layer is above the Efn and 
the capacitance remains constant beyond.  This saturated capacitance value yields the i-layer 
thickness of the device. 
 
Figure 4.5: Mechanism of trap density evaluation using CV 
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An important note to observe here is that N(W) contains the total space charge density 
that responds to our measurement.  This can be controlled by two methods – varying temperature 
and applied AC frequency.  Trap response is controlled by the frequency because the traps take 
some time to release their charges.  Shallow traps take less time whereas deeper ones take more 
time.  If a high frequency is used, deep traps do not respond and the N(W) calculated only gives 
the shallow states.  Figure 4.6 gives a brief schematic of the phenomena explained above.  This is 
important as the same principle is used in Capacitance spectroscopy measurement. 
 
Figure 4.6: Schematic showing emission times for capacitance characterization. 
 
This trap response relation can be determined from equation 4-3. 
0.ln( )E kT


    Equation 4-3 
where o is the attempt to escape frequency (an important material parameter), E is the depth of 
energy from the conduction band for a p-n-n+ cell and  is the angular frequency of the applied 
AC signal.  For Non AC signal based measurements, the trap demarcation is determined by the 
Fermi level and for the AC signal, it is determined by both the Fermi level and the AC 
frequency.   
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o can also be described with the following equation where n is the electron capture 
cross section, Nc is the density of states in the conduction band and th is the thermal velocity of 
electrons. 
            Equation 4-4 
These equations are not highly useful in CV measurement but are very useful in the next 
section.  It is given here since the first relevance is observed here. 
 
Figure 4.7: CV curves for a typical nc-Si sample. 
 
Figure 4.7 shows the CV curves generated for various AC frequencies.  It can be clearly 
seen that the (A/C)
2
 value saturates at a point which is equal to the depletion width or the i-layer 
thickness.  Also, as the frequency reduces, it is taking a higher voltage for the curves to saturate 
because there are more number of traps being charged by the applied voltage.  For frequencies 
beyond 100-200kHz, the Capacitance reduces abruptly which is either due to diffusion 
capacitance observed in p-n junctions or inductance effects [34] making it complicated to 
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analyze.  Hence we stick to frequencies below 300kHz.  Figure 4.8 shows a careful measurement 
of forward bias CV that indicates the increase in dominance of inductance effect. 
 
Figure 4.8: CV to show evolution of inductance/diffusion capacitance (negative bias 
corresponds to forward bias) 
 
4.2.1 Low frequency, High Temperature CV 
In order to evaluate the total defects in the material that are active and are above the 
Fermi level, we need to use very low frequency and high temperature so that the energetic depth 
of trap response is close to the size of the band gap of the material.  This is because the escape 
frequency from a trap is given by Equation 4-3 and Ew is the trap level below conduction band.  
The band gap of nanocrystalline silicon is about 1.1eV.  When we employ an AC signal with 
frequency 20Hz and substrate temperature 100
0
C as our measurement conditions, we can reach 
to as low as 0.8eV in the band gap.  This helps to evaluate all the traps present in the material.  
The response of traps  is only restricted by one condition – the Fermi level should be below the 
trap of interest.  This can be controlled by varying voltage which lowers the quasi Fermi level 
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(Efn) below in reverse bias conditions [47].  The typical curve obtained for a nc-Si standard 
device is shown in Figure 4.9.  The defect density from the slope is obtained to be 2.5x10
15
/cm
3
.  
Note the excellent fit to a straight line. This fact indicates that the defect density is uniform 
throughout the thickness of the i-layer. 
 
Figure 4.9: High temperature, Low frequency 1/C
2
 plot for nc-Si 
 
4.3 Capacitance Spectroscopy 
Capacitance spectroscopy is an efficient and simple technique to profile the defects at the 
band gap.  This evaluation scheme consists of calculating the derivative of the frequency 
dependence of the capacitance accompanied by scaling the frequency into an energy axis [35].  
As discussed in section 4.2, temperature is also an important parameter that will help us scale the 
energy axis.  From equation 4.3, we can see that the energy (E) can be varied by both frequency 
and temperature.  So, in order to access maximum number of traps, we can go to high 
temperatures as well.  The concept of response of traps is the same as discussed in Section 4.2 
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Now, looking at the capacitance data, we know that capacitance is a direct indicator of 
number of traps present in the material.  More number of traps implies more number of charges 
getting trapped which implies higher is the capacitance.  These two parameters – Capacitance & 
frequency can be used to obtain traps at one energy level.   
 
Figure 4.10: Concept of differential capacitance [36]. 
 
Figure 4.10 explains the concept in capacitance spectroscopy.  At a certain frequency (), 
the traps above the demarcation energy (E) will respond to the AC signal and the capacitance is 
evaluated (C).  Now the frequency is reduced slightly (-d), the traps slightly below the first 
demarcation level also respond to the signal (E+dE) and hence due to presence of more traps 
than before, the capacitance value increases too (C + dC).  So, in order that we calculate the traps 
present in dE, we can straight forwardly use the dC value.  A more careful and detailed analysis 
has been done by Walter [35] and the final simple equation that we obtain is –  
         
  
  
  
  
 
  
  Equation 4-5 
d 
C 
C+dC 
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where Ud  is the built-in voltage of the p-i-n diode, w is the depletion width and the rest of the 
terms have their usual meanings.  Note that the dC/d term that we have mentioned exists as part 
of the equation. 
4.3.1 Assumptions: 
As we can see from Equation 4-3 and 4-5, there are many terms involved other than just 
capacitance, frequency and temperature.  The terms that are not involved in our CF measurement 
that need to be accounted for are – Attempt to escape frequency, built-in voltage and depletion 
width.  In order to complete this calculation, we need to have information about all these terms. 
 
The first assumption is the value of the attempt to escape frequency.  Note that only 
Equation 4-3 has this term and hence the magnitude of the traps does not depend on its value.  In 
this report, all results presented have assumed a value of 10
12
/sec [37].  The value has been taken 
from previous literature but it can be validated by evaluating the trap profile and observing the 
effect of variation of this parameter and checking the curves for its peaking.  We take the data 
obtained in a-Si published by our group [38] and vary the attempt to escape frequency.  Figure 
4.11 shows that for a value of 10
12
/sec, the defects are peaking at about 0.85eV.  In all other 
cases, the defects are peaking elsewhere.  We know that the band gap of a-Si is about 1.7eV and 
hence our assumption of the value works well. 
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Figure 4.11: Variation of attempt to escape frequency in a-Si. 
The next assumption is the built in voltage of the p-n junction that needs consideration is 
the depletion width.  If we look at our equations, we can see that depletion width (Ud) is only in 
the defects term and will hence only affect the magnitude of the defect profile.  To start with, we 
can assume that the built in voltage is Voc + 0.1V as given by Hegedus [33].  We then vary the 
built-in voltage to see how the defect variation takes place (Figure 4.12).  It can be seen that even 
for a variation of 0.4V in predicting the depletion width value, the variation in defect values is 
only a factor of 1.3 or 30% variation.  When we are handling values in the range of 10
16
, 30% 
variation is not significant and is within our experimental error.  So, an approximation works 
perfectly in our case.  Further measurements such as Voc Vs. intensity can be obtained to get a 
more accurate built-in voltage if needed but in our case, Voc+0.1V is a nominal assumption. 
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Figure 4.12: Variation of Built-in voltage on Trap profiles. 
 
The third term that needs to be evaluated is the depletion width.  In case of amorphous 
silicon, we can assume the depletion width to be equal to the i-layer thickness because the 
complete i-layer is depleted and the dominant carrier transport mechanism is drift based.   
It gets more complicated when we come to nc-Si samples.  Due to the low band gap, the 
built-in voltage is less compared to a-Si.  Also, the i-layer thickness is larger (~1-1.5m).  The 
derivation by Walter assumes the fact that only depleted region can be used to evaluate traps. But 
this built-in voltage does not deplete the entire i-layer (Figure 3.8).  Hence an external support is 
needed to deplete the i-layer (Figure 4.13).  For this case, we measure the capacitance at -1V 
reverse bias which bends most of the i-layer and hence making it depleted.    Once we obtain the 
total defect density, we can evaluate the depletion width from its value. 
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Figure 4.13: Band diagram of nc-Si device at reverse bias. 
 
4.3.2 Amorphous Silicon Defect Profile 
Amorphous silicon is a uniformly disordered form of silicon with defects in the range of 
10
16
/cm
3
.  Most of the defects arise due to presence of dangling bonds.  J Mohler [68] has 
depicted the mid gap states present in amorphous silicon due to these dangling bonds and this is 
shown in Figure 4.14.  It can be seen that there are both tail states and mid gap states present in 
a-Si that affect its properties.   
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Figure 4.14: Electronic Density of states in a-Si [68] 
 
Capacitance Spectroscopy is an excellent technique to characterize these defect states.  
Since the band gap of a-Si is ~1.7eV, the mid gap occurs at 0.85eV.  Our instrument frequency 
range (20Hz to 200kHz) can only reach upto 0.6eV at room temperature.  Therefore it is 
important that we measure capacitance at both low and high temperatures.  We also measure the 
defects for a-Si at 150
0
C that will help reach to levels as high as 0.85eV.  Figure 4.15 shows the 
Capacitance spectrum obtained at two different temperatures and Figure 4.16 shows the 
calculated defects. 
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Figure 4.15: Capacitance Vs. Frequency data for a-Si 
 
 
Figure 4.16: Calculated defect profile for a-Si 
 
The obtained curve can be fit with a Gaussian and integrated using Matlab and the total 
defect density can be obtained to be 8.6x10
15
/cm
3
.  This number can be verified by measuring 
CV (Figure 4.17) at low frequency (20Hz) and high temperature (150
0
C).  The value obtained is 
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1.1x10
16
/cm
3
.  It can be seen that there is a close correlation with the value obtained using CF 
and CV. 
 
Figure 4.17: Capacitance-Voltage measured at 20Hz, 150C 
 
4.3.3 Nanocrystalline Silicon Defect Profile 
 Initial measurement was done on a standard nc-Si sample to observe the pattern of the 
defect profile.  CF was measured at room temperature at -1V reverse bias.  Figure 4.18 shows the 
raw capacitance data and Figure 4.19 shows the calculated trap profile.  It can be seen that the 
defects are peaking at ~0.55eV which is the mid gap level of nc-Si since the band gap is 1.1eV. 
 
Figure 4.18: Capacitance Vs Frequency for std. nc-Si sample 
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Figure 4.19: Defect Profile for nc-Si sample calculated from capacitances in Figure 4.18. 
 
4.3.4 Denoising technique 
 Figure 4.16 & Figure 4.19 shows that there is significant noise in the evaluation of the 
defect density profiles.  Not just in our case, there is noise present in the data provided by Walter 
for CIS & CIGS solar cells [35].  This arises from the fact that the differential component in the 
equation amplifies the noise in the data many times.  Due to the differential component present, 
the trap profile depends more on the precision of the value than the accuracy of the absolute 
capacitance.  The noise in the capacitance data even though is undetectable in Figure 4.18, arises 
from external AC signals, limitation of the instrument, external cabling and its interaction etc.  
All these noises can be carefully reduced to a minimum but this is not sufficient enough to 
reduce the noise amplified due to the differential term. 
 
To overcome this problem, a new type of technique called the Wavelet transform 
technique was used in this study [39, 40].  This is very popular in signal processing industry and 
will be applied to post – processed capacitance spectroscopy data for the first time. 
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The most well-known signal analysis technique is Fourier analysis which breaks down a 
signal into constituent sinusoids of different frequencies and the high frequencies are generally 
noise elements that can be eliminated.  But, when a Fourier transform is done, the time 
information is lost completely (Figure 4.20) (in our case, the trap energy information) [39].  If 
the signal noise does not change over time, then this method works perfect but in our case as can 
be seen from Figure 4.19, noise is localized and not uniform.  To account for this, another 
method called short time fourier analysis which breaks the data into small sizes on time axis 
called windows which gives specific information about noise (Figure 4.20).  But the precision 
can only be determined by the size of the window and smaller size will lead to high amount of 
data processing [39].  So both these methods do not work for our case. 
 
Figure 4.20: Picture that depicts how FT & STFT work [39]. 
 
Wavelet analysis has attracted attention first from signal processing groups especially in 
transient signal analysis, image analysis etc. [40].  Unlike Fourier analysis, which works on 
employing trigonometric terms for performing signal analysis, wavelets are generated in the 
form of translations and dilations of a fixed function called the mother wavelet [40].  They can 
be scaled in time domain and frequency domain which gives us greater numerical stability in 
reconstruction after denoising [40].  The major advantage through the use of wavelets is the 
ability to perform local analysis.  This technique is capable of revealing data that other 
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techniques cannot pick such as trends, discontinuities etc.  Due to the different way of looking at 
the data, the signal can be compressed or denoised without appreciable degradation [39]. 
 
Many types of wavelets exist and in our denoising technique, it has been found that 
daubechies (db) wavelet [39] is the best working one to pick up discontinuities.  Figure 4.21 
shows a typical db wavelet that is used to fit our data. 
 
Figure 4.21: Daubechies wavelet example [39]. 
 
This wavelet can be scaled depending on the data size that needs to be fit either by 
stretching or compressing it.  A scaling factor determines the length of this wavelet through 
which it can be controlled (Figure 4.22). 
 
Figure 4.22: Scaling of db wavelet [39]. 
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This scaling process is used as an advantage to eliminate localized discontinuities that are 
common in our measurement.  Lower the scaling factor, smaller is the wavelet and easier is to 
pick up discontinuities.  Matlab has an excellent toolbox for wavelet analysis and can be 
accessed by the command >wavemenu.  An important assumption before performing this 
analysis is that we need to make sure that our Trap energy level is equally spaced between each 
other.  This can be achieved by selecting the frequency values appropriately and Quadtech 1920 
has excellent frequency resolution to achieve this [41].  We perform a 1-D wavelet analysis 
which splits the data into the curves given in Figure 4.18.  For each level, the signal is divided 
into 2
m
 pieces and one wavelet is fit to each piece.  In Figure 4.23, we can see that for d1, the 
data is split into 2
6 
levels which give us the ability to separate the spikes in the data.  From the 
decomposition obtained, we remove the levels d1, d2, d3 and add back the remaining signal to 
denoise the complete curve.  Figure 4.24 shows the denoised data of the original data from 
Figure 4.19. 
 
Denoising hence is an excellent technique to remove the noise from the CF measurement 
and has been published in Ref. 42. 
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Figure 4.23: Wavelet analysis of Defect data using Matlab toolbox [39]. 
 
 
Figure 4.24: Denoised curve of defect profile of Std. nc-Si 
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4.3.5 Experimental Setup 
In order to measure the capacitance at many different frequencies, we need to have an 
LCR meter with such a frequency range and resolution and Quadtech 1920 LCR meter was used.  
Figure 4.25 shows the setup built for this purpose.  Keep note that low noise cables and shorter 
cables are necessary to obtain clean measurements.  A heater is also provided which acts as the 
sample base too that helps us heat the substrate and make high temperature measurements. 
 
Figure 4.25: CF measurement setup. 
 
4.4 Reverse Recovery Transient Lifetime 
Reverse recovery transient (RRT) can be used to calculate the minority carrier lifetime in 
a p-n junction.  Kingston [43] and Neustadter [44] were the first to derive an expression for this 
measurement.  The basic principle behind the RRT method is the injection of minority carriers 
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and its recollection.  The p+-n junction is forward based and the injected hole concentration is 
allowed to reach steady-state.  The forward bias diode has a high current and this current is 
controlled by the load resistor in the circuit (Figure 4.26).  Now, the forward bias diode is 
suddenly switched into reverse bias.  A large amount of reverse current flows because the 
injected carriers (holes) will be collected due to reversal of field.  For a certain time, the current 
is constant because the limiting factor for its flow is the resistor initially before the diode takes 
over.  After a certain time, the hole distribution reduces and hence the current is no longer 
constant and it decays to the reverse saturation current [45].  Again, this large current is 
controlled by the resistor which gives us a storage time.  In case of silicon, when the RRT is 
measured the typical curve observed is shown in Figure 4.27.  The distinct storage time is a 
direct indicator of the minority carrier lifetime.  Neustadter [44] has found the equation to be –  
   √
   
  
 
  
     
    Equation 4-6 
Where If  is the forward bias current, Ir is the reverse bias current, tsd is the storage time,  p is the 
minority carrier lifetime and erf is the error function.  Matlab can be used to evaluate the values 
of the error functions.  In fact, upon taking erf to the RHS, it turns into inverse error function 
which is what we need for our calculations. 
 
Figure 4.26: Circuit for measurement of RRT [45]. 
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Figure 4.27: RRT waveform for Si diode. 
 
First measurements on nc-Si have been done by Saripalli [25] and Reusswig [45] at Iowa 
State University.  In order to accurately measure the carrier lifetime, the curves are recorded for 
various reverse bias voltages i.e. we change the Ir in the equation multiple times and try to plot 
the inverse error function Vs. storage time.  This gives us a linear plot whose slope will be the 
carrier lifetime.  Now, it is important to correctly evaluate the point of inflection for the storage 
time.  Since it is a transient measurement, evaluating tsd is a challenge. 
4.4.1  Carrier lifetime analysis technique 
Detecting the inflection point is quite a challenge since the change from linear to 
exponential curve is gradual in nc-Si and not sudden as in standard c-Si diodes.  It can be seen in 
Figure 4.28 that the linear curve is not parallel to x-axis and the inflection point is variable which 
makes the analysis complicated.  The non-parallel nature of the linear curve is attributed to the 
drifting of carriers in the device [55]. 
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Figure 4.28: RR Transient Curves in nc-Si. 
 
We propose two different methods to pick the inflection point for our calculations of the 
hole carrier lifetime – Normal analysis & Log analysis.  Figure 4.29 illustrates the normal 
analysis.  To find the inflection point, a line parallel to x-axis is drawn at the onset of reverse 
bias mode.  The exponential part is then extrapolated to intersect this line and point of 
intersection gives the storage time (tsd).  The measurement is done at 5 different reverse bias 
voltages and the storage times are plotted as a function of inverse error functions (Figure 4.29). 
In Log analysis, the transient curves are plotted using a log10-y axis.  This makes the 
linear portion of the curve clearer and the exponential curve also turns into a straight line which 
helps in extrapolation (Figure 4.30).   
   
Figure 4.29: Normal Analysis of Lifetime & Tsd calculation plot. 
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Figure 4.30: Log Analysis of Lifetime and Tsd plot. 
 
Note that only three transients are shown in the diagram in order to keep clarity in the 
analysis.  The lifetimes obtained from the slopes are 600-700nS and the y-intercept is <10% of 
the lifetime.  This is a good indicator that the storage time curve goes through the origin within 
10% error.  This is an improvement of lifetime evaluation over previous works [25, 45].  By 
calculating using the two methods, we can also obtain the error bar in our measurement of 
lifetime. 
4.5 Diffusion Length & Mobility Evaluation 
Diffusion length is an important parameter in nc-Si especially because the transport of 
carriers is highly diffusion dependent.  A high diffusion length is needed for good efficiency.  In 
a-Si, the diffusion length is very less and is not needed too because the transport is based on 
drifting of carriers along the electric field.  Diffusion length of electrons is generally higher than 
the holes due to the effective masses of holes being higher than electrons.  Hence we need to 
maximize hole diffusion length for better transport of carriers. 
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We use Quantum Efficiency Vs Voltage measurement to evaluate diffusion length.  A 
light of high wavelength (~900nm) is incident onto the sample and a DC voltage is varied to 
collect the carriers. The QE can be approximated by the relation [46] –  
QE ~ α (Wd+Lp)        Equation 4-7 
where α is the absorption coefficient, Wd is the depletion width and Lp is the diffusion length.  
From this equation, if we plot the QE Vs varying depletion width, we can make an estimate of 
the diffusion length.  The depletion width is varied by varying the applied DC bias voltage on the 
sample.  Figure 4.31 shows how both the experimental and theoretical quantum efficiency are 
matched by making sure that the correct diffusion length is used to fit the curve. 
 
Figure 4.31: Diffusion length evaluation fitting curve. 
 
Some approximations have been made to simplify the relation between quantum 
efficiency and diffusion length.  Equation 4-8 gives the actual quantum efficiency expression 
[69].  We shall assume that surface recombination velocity is negligible (S~0), αWd~1 and 
thickness>Lp to obtain the simplified form in Equation 4-7. 
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)   Equation 4-8 [69] 
The x-intercept from QE vs. depletion width gives us an approximate calculation of 
diffusion length. Figure 4.32 shows the corresponding curve for a typical device. 
 
Figure 4.32: Normalized QE Vs. Depletion Width 
 
Once the diffusion length, lifetime are known, we can calculate the carrier mobility by 
using these equations -  
 

 
  
 
  Equation 4-9 
   √      Equation 4-10 
where D/Dp is the diffusion coefficient,  is the mobility,   is the carrier lifetime and Lp is the 
diffusion length.  Approximate mobilities can be evaluated using these equations. 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
-2 -1.5 -1 -0.5 0 0.5 1
N
o
rm
. Q
E 
Depletion Width (um) 
Diffusion Length= 
0.9m 
64 
 
4.6 Dark IV Characteristics 
Dark IV or simply IV characteristics of a p-n junction yields useful information about the 
properties of the device.  In an ideal p-n junction, the current is related to the voltage by how the 
minority carriers are injected into the other region.  But in realistic cases, many other 
components such as series resistance, shunt and Generation - Recombination mechanisms affect 
the way the curve behaves.  Figure 4.33 shows a typical IV curve for a p-n junction [47].  There 
are different regions in the curve where one type of mechanism dominates over the other.   
 
An approximation can be done for Io to do a relative comparison.  The Io values can be 
quantitatively compared at reverse bias (say -0.2V) and low forward bias (0.1V) so that the Io 
value is dominated by the recombination in the cell.  These data points should follow the trend of 
the defects in the material.  The diode is dominated by Equation 4-11 in forward bias and 
Equation 4-12 in the reverse bias were I0 is the recombination current, Rs and Rsh are the series 
and shunt resistances, Wd is the depletion width, Nt is the trap density, ni is the intrinsic carrier 
concentration, G is the generation rate, p is the capture cross section and vth is the thermal 
velocity. 
Equation 4-11 
Equation 4-12 
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Reverse bias current is dominated by generation current which is proportional to defect 
density.  Hence reverse bias current at a certain voltage can give a relative comparison for 
defects in the material. 
 
Figure 4.33: Dark IV curve of a p-n junction diode [47] 
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CHAPTER 5 LITERATURE REVIEW 
A brief discussion has been done on the properties of the material, its fabrication 
procedure and measurement techniques.  In this chapter, we will look at the research done by 
various teams to analyze nc-Si in a better way and discuss what is lacking which will lay a path 
for the research done as part of this thesis. 
 
Kilper [48] was the first to perform a study on the effect of oxygen and nitrogen on the 
performance of nc-Si based solar cells.  Intentional contamination using nitrogen and oxygen 
was done by admitting oxygen and nitrogen during the deposition process.  The oxygen and 
nitrogen content was measured by SIMS (Secondary Ion Mass spectroscopy) [49] and was found 
that there exists a critical impurity concentration level for both nitrogen and oxygen which 
initiate the degradation in the material.   
 
Two important measurements – Light IV and QE were made on the oxygen and nitrogen 
doped samples to analyze the efficiency degradation due to the leaks.  Not just oxygen and 
nitrogen, even an air leak was used to analyze its effect.  Figure 5.1[48] shows that a critical air 
flow leak exists (0.05-0.07 sccm) beyond which the material starts to degrade in its efficiency.  
Efficiency shows an exponential decrease with increasing air leak.  This is an important study 
because the reactors are prone to be exposed to atmosphere which consists of oxygen and 
nitrogen as main components.  A study of such kind will help us design reactors. 
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Figure 5.1: Efficiency degradation due to air leak [48]. 
 
Quantum efficiencies with various amounts of oxygen concentrations is also measured 
and was found that the maximum amount of deterioration was observed between the 
wavelengths 500-1100nm (Figure 5.2).  Efficiencies as high as 7.4% dropped to 4.8% with an 
increase in magnitude of 10 in oxygen concentration.  In case of nitrogen, similar amount of 
change was obtained with a change in magnitude of 1000. 
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Figure 5.2: QE degradation with O & N impurities [48]. 
 
This study by Kilper et. al. gives a clear picture of what exactly is happening to the 
efficiency with oxygen concentration.  But it doesn’t deeply analyze the change in fundamental 
properties of the material like the defect densities, carrier lifetimes, diffusion lengths etc. 
 
P. Hugger [50] was the first to initiate the measurements of defects in nc-Si with 
variations in oxygen content of the material.  Not just defect variation in oxygen, they employed 
raman spectroscopy, to determine the deep state defects with variation in crystallinity too.  The 
defects were measured by the technique developed by the same group called drive level 
capacitance profiling (DLCP) [51] also developed by the same group in 2004.  It is based on the 
69 
 
version of the theory developed by Walter, Herberholz [35] so both measurements work on the 
same basic property of capacitance of p-n junctions.   
 
Figure 5.3: Variation of defects with crystallinity & oxygen [50] 
 
It can be observed that JD Cohen, P Hugger et. al. were the first to study the defects in 
the material with variations in oxygen concentration.  He has also shown that the deep defect 
density also increases steadily with increase in crystallinity and this can be attributed to increase 
in grain boundaries.  Also, they have concluded that oxygen could be responsible for formation 
of the deep defect states due to it residing on the grain boundaries near the crystalline/amorphous 
phase boundaries [50].  This fact is still a “could be” and needs further careful study to confirm it 
and was not presented in this paper.  They have also indicated that oxygen/hydrogen 
concentration correlates very closely to the defect density than just the oxygen level itself. 
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A more recent work (2013) probing effect of oxygen in nc-Si was done by J D Fields 
et.al.  They have used a Raman and Photoluminescence spectroscopy (PL) to characterize the 
defects created due to oxygen.  PL is a technique to probe the electronic structure of the materials 
non-destructively.  The quantity of PL emitted from a material is directly related to the relative 
amount of radiative and non-radiative recombination rates. Non-radiative rates are typically 
associated with impurities and defects [52] and hence they can be characterized using this 
technique. 
 
Figure 5.4: PL Spectra of oxygen contaminated samples [53] 
 
From Figure 5.4, we can observe that the 0.7eV PL spectrum is higher when the oxygen 
content in the material is higher (compare red curves) which could be due to the rise in the 
defects.  This 0.7eV could be attributed to multiple types of transitions in the band gap of nc-Si 
as shown in Figure 5.5.   
71 
 
 
Figure 5.5: Possible transitions for 0.7V PL [53] 
 
They type I transition is a possible case for this peak and 0.7eV is nothing but 0.4eV 
below the conduction band.  This means that there could be formation of traps at that level which 
although cannot be confirmed.  A type II transition is also possible and further analysis is needed 
to confirm which mechanism is dominating.  Fields has proposed that Type III does not happen 
because there are not so many significant tail states in nc-Si formed that would show a sizeable 
change in photoluminescence curve. 
 
Several researchers have worked on characterizing and understanding nc-Si at Iowa State 
University.  One of the first fabrications and characterizations at the lab were done by P. Sharma 
[54].  The was followed by S. Saripalli [16, 55] and P. Reusswig [45].   
 
P. Sharma worked on evaluation of defects in the material with deliberate doping of nc-Si 
using PH3 gas along with the precursor gases during the deposition.  He has found that both deep 
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defects and the shallow defects in the material increase due to the incorporation of P.  Figure 5.6 
shows that there is a steady increase in both the defects.  Dopants were measured at 100kHz and 
defects were measured at 400Hz.  
 
Figure 5.6: Dopants Vs Defects measured using CV Technique [54]. 
 
Also, diffusion lengths for these samples were measured by using the QE Vs bias method 
and it was found that defects and diffusion lengths follow SRH statistics as seen in Figure 5.7.  
Now each impurity incorporation has a certain SRH curve and this curve is for incorporation of P 
in nc-Si.  It will be different if you are looking at O incorporation. 
 
Figure 5.7: Diffusion Length Vs Defect density plot [54]. 
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S. Saripalli and P. Reusswig were the first to introduce reverse recovery transient 
techniques to estimate the lifetime of holes in nc-Si [16].  The RRT technique was commonly 
used to evaluate the lifetime in c-Si based devices but was never implemented for nc-Si.  The 
measurement and analysis technique has been discussed in Chapter 4.  Saripalli has evaluated 
Lifetime and plotted them with defect density and obtained a curve in Figure 5.8.  He has found a 
linear relation that follows SRH theory but it doesn’t pass through origin which maybe due to 
error in measurement of defects. 
 
Figure 5.8: Lifetime Vs defects [55]. 
 
He has also evaluated the lifetime of nc-Si Vs temperature and found the results shown in 
Figure 5.9.  It was found that the lifetime initially decreases with increase in temperature and it 
starts to increase after about 100
0
C.  This is due to the change in the domination of the two 
processes occurring in the distributed traps of nc-Si – Electron capture and electron emission.  As 
the temperature increases, the trap level fails to act as a recombination center due to increase in 
emission and hence beyond 100
0
C, effective trap distribution reduces and lifetime increases.  
The escape rate at 100
0
C is ~0.55eV and beyond 100
0
C, the defect profile drops. 
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Figure 5.9: Lifetime Vs Temperature for nc-Si samples [55]. 
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CHAPTER 6 RESULTS 
In this chapter, some important results are presented that will further the understanding of 
nc-Si in the interest of attaining good photovoltaic devices.   
6.1 Oxygen Doped devices 
Nc-Si is doped is deliberately with oxygen by flowing 108ppm O2 diluted in He.  
Standard H-profile technique is used to make the p-i-n devices.  The amount of oxygen in the 
material is quantitatively represented by the flow ratio of O2 to SiH4.  For a flow change from 0 
to 36sccm of O2/He, the flow ratio [O2/SiH4] varies from 0 to 1100ppm.  This is used as our x-
axis to show variation of the fundamental properties with respect to oxygen. 
 
Crystallinity control is an important task to perform this analysis.  We flow an extra He 
of upto 36sccm which is significant enough to change the crystallinity of the material.  He 
radicals have the ability to break weak amorphous bonds which reduce its content and increase 
the crystallinity.  Figure 6.1 shows the effect of change in crystallinity with addition of helium.  
Care needs to be taken to keep crystallinity constant.  This is attained by reducing the hydrogen 
flow appropriately and the amount of hydrogen reduction has been calibrated by making multiple 
samples. 
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Figure 6.1: Crystallinity Control Chart 
 
To see the actual effect of efficiency drop in the solar cell, we need to see the Light IV 
characteristics with variation in oxygen flow.  Figure 6.2 shows the degradation in performance 
with oxygen.  It can be seen that the current in low forward bias shows a significant drop due to 
poor hole carrier collection.  Oxygen is significantly trapping the holes in its defect states which 
is showing the reduced current.  This current can be recovered back at reverse bias by providing 
extra electric field.  A 20% drop in efficiency has been observed with 1100ppm [O2/SiH4]. 
 
Figure 6.2: Light IV curve with variation in oxygen content. 
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Quantum efficiency has also been measured for the samples with change in oxygen.  By 
comparing the data to Kilper et.al. [48], we can see that there is a significant reduction in QE 
beyond 540nm which is due to degradation of hole transport. 
 
Figure 6.3: Quantum Efficiency Vs Oxygen Content. 
 
The first measurement on deliberately doped oxygen is Capacitance – Voltage 
measurement.  For measurement of dopant density, we apply an AC signal frequency of 300kHz 
at room temperature to pick up only the shallow dopants.  For total defect density, we apply a 
frequency of 20Hz and 100
0
C to pick up all the traps in the material.  Figure 6.4 shows the curve 
obtained for variation with oxygen. 
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Figure 6.4: Dopant and Defect Densities Vs Oxygen 
 
As it can be seen that the best device has a defect density as low as ~2x10
15
/cm
3
 and due 
to deliberate oxygen doping, it increases to about 7-7.5x10
15
/cm
3
.  Even the dopant density rises 
significantly showing that both the shallow states and the deep states are increasing. 
 
Capacitance – Frequency measurement was performed on these samples to profile the 
traps in the band gap.  We use the Quadtech 1920 instrument to measure the capacitance between 
a range of 20Hz – 200kHz at room temperature.  The values for other parameters & 
approximations for the calculation are described in Chapter 4.  Figure 6.5 shows the capacitance 
Vs frequency obtained for different oxygen levels and Figure 6.6 shows the calculated defect 
profiles Vs Energy depth from conduction band. 
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Figure 6.5: Capacitance – Frequency measurement Vs Oxygen flows. 
 
Figure 6.6: Calculated defect profiles from CF measurement. 
 
From Figure 6.6, it can be seen that there is a steady distributed increase in the traps of 
the material with oxygen.  If we look at Figure 1.10, we can see that in c-Si, oxygen creates traps 
at 0.38eV & 0.51eV.  This is an excellent result to prove that oxygen creates traps in nc-Si just 
the way it creates in c-Si.  An important conclusion can be derived from this which says that 
oxygen not only resides in the grain boundaries of the material but also gets incorporated in the 
crystalline part of the material i.e. in the grains itself.  Many other theories [17, 51, 56] have 
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predicted that oxygen resides only in the grain boundaries and this along with data from 
J.D.Fields [53] confirms that its not true. 
 
The next measurement that we will study is the reverse recovery transient lifetime 
variation with oxygen.  As described before, we measure  p for all the samples and study the 
trend for lifetime.  Figure 6.7 shows the variation in lifetime with oxygen. 
 
Figure 6.7: Variation of Lifetime with oxygen flow rate. 
 
Two analysis techniques – Normal & Log lifetimes are used and hence two different 
symbols exist for each of them.  Due to the error in identifying the inflection point correctly, 
there is an error in the measurement of the lifetime.  Hence, for each oxygen flow rate, there is 
approximately an error of 150nS.  There is a steady decrease in the lifetime observed for increase 
in the oxygen content.  Best samples have a lifetime of about 1000-1100nS and it drops to about 
450nS (factor of ½ change).  This measurement clearly follows the defect trend because as 
defects increase, recombination increases which reduces the lifetime.  In section 6.3, we attempt 
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to bring a correlation between the defects and lifetime and try to evaluate an important material 
parameter. 
 
Dark IV is an important measurement to probe the recombination properties of the 
material.  Dark IV at low forward bias and reverse bias is dominated by the number of traps 
present in the material (Section 4.6).  Figure 6.8 shows the dark IV obtained with variation in 
oxygen flow.  Consider the current at -0.2V, we can see that due to variation in the oxygen, there 
is a factor of 3.1 increase in the Io value.  For these devices, if we look at the total defect 
densities, they are 2.9x10
15
/cm
3
 and 7.5x10
15
/cm
3
 which makes it a factor of 2.6.  This is a close 
and important correlation between defects and dark current.  In reverse bias, higher traps help 
increase thermal generation and the factor of increase is matching with the factor of increase of 
defects. 
 
Figure 6.8: Dark IV Vs Oxygen flow 
 
Another measurement done on oxygen vs. non-oxygen sample was the Dark IV Vs 
Temperature measurement.  Figure 6.9 shows the Arrhenius plot for Io Vs temperature curve for 
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0ppm and 1100ppm oxygen flow ratio.  A steady increase in the Io values has been observed 
which is matching well with the defect densities.  Also, the activation energy is showing a slight 
reduction though not statistically significant but could be attributed to shifting of the trap energy 
level due to formation of extra traps at 0.38eV. 
 
Figure 6.9: Arrhenius plot of Io Vs Temperature 
 
Approximate diffusion length can also be evaluated from the QE Vs Bias data.  Due to 
variation in oxygen, the carrier collection at 0V is not complete and the cell needs extra external 
support bias to collect all of them.  This collection problem is a direct indicator of the diffusion 
length in ideal pin diodes.  Figure 6.10 shows the QE Vs bias variation with different oxygen 
contents. 
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Figure 6.10: QE Vs Bias with different oxygen content 
 
Figure 6.11: QE Vs Depletion width showing drop in diffusion length 
 
The QE Vs bias method is not accurate when the diffusion length is high because the 
derived model loses meaning when diffusion length is greater than the i-layer thickness.  Now 
that we have diffusion length and lifetime, approximate mobility can also be evaluated.  Figure 
6.11 shows the diffusion length evaluation from QE Vs. depletion width chart.  Table 6.1 gives 
the data which shows that mobility steadily decreases with oxygen.  0ppm diffusion length 
cannot be evaluated because the QE model loses meaning if Lp ~ thickness. 
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Table 6.1: Mobility & Diffusion length Evaluation Chart 
 
6.2 Compensation with Boron 
In section 6.1, we have seen that oxygen degrades the properties of the material and since 
its presence cannot be completely controlled, we try to compensate it by using Boron.  First 
attempts at boron micro-doping were done by many groups [10, 57, 58].  Improved efficiencies 
were reported but no careful study of the variation in fundamental properties especially the 
defect densities was done. 
 
Boron was fed into the reactor systematically from a cylinder of 20ppm Trimethyl Boron 
(TMB) diluted in hydrogen.  A sample that has been deliberately doped with 1100ppm [O2/SiH4] 
is used to compensate using boron.  Again, the amount of Boron added to the reactor is 
quantified by the ratio of flows of TMB to Silane.  A flow variation of TMB from 0 to 0.9 sccm 
implies that the flow ratios vary from 0 to 3ppm [TMB/SiH4].   
 
Again, the first measurement was Capacitance – Voltage measurement.  This was 
followed by a capacitance frequency measurement and finally a RRT Lifetime measurement was 
done on samples with controlled amounts of boron variation.  Also, Light IV, dark IV, quantum 
efficiency comparisons are also shown.   
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Light IV (Figure 6.12) has been compared vs. TMB and no TMB.  It has been found that 
there is a recovery in the current at forward bias thus increasing the efficiency of the solar cell 
overall.  Quantum efficiency measured also shows an improvement in the collection efficiency 
beyond 540nm (Figure 6.13) 
 
Figure 6.12: Light IV curve improvement in 1100ppm [O2/SiH4] sample 
 
 
Figure 6.13: Quantum Efficiency improvement with Boron incorporation 
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Figure 6.14: Capacitance – Voltage Measurement for TMB Compensated devices 
 
It can be noted that the defects created by oxygen were recovered back/nullified by 
addition of boron into the material.  We are able to get to defects as low as 2.5x10
15
/cm
3
 which is 
close to the ideal device that we had (non-intentionally doped device).  Same way, even the 
dopant density reduces along with the total defect density.  At 0ppm TMB/SiH4, the defects are 
higher than shown in Figure 6.4 because for deliberate oxygen doping, a standard device with 
0.3sccm was used to compensate for the stray oxygen present in the reactor. 
 
Figure 6.15: Defect profile from CF measurement 
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The defect profiles also show that they are reducing both at 0.5eV and 0.38eV.  This is 
similar to what happens in Oxygen doped c-Si.  So, we can postulate that B is compensating for 
oxygen by formation of B-O complex the same way as in c-Si [59].  This curve is another proof 
that the oxygen is causing defects to form at 0.38eV & 0.5eV which Boron is compensating. 
 
Figure 6.16: Carrier Lifetime Vs TMB flow 
 
Since the defects are reducing due to B incorporation and so the lifetime should follow 
the trend.  Figure 6.16 shows the variation in lifetime Vs TMB flow.  It can be seen that the 
lifetime can be recovered back to the levels obtained for a standard nc-Si sample.  Again, the 
lifetime at 0ppm TMB is less than the 1100ppm O2 lifetime because the 0ppm device is not 
being compensated for stray oxygen in the reactor.  Two different symbols can be seen here – 
Triangle is for log lifetime analysis and diamond is for normal analysis. 
 
Diffusion length & mobility can be measured with TMB variation and it can clearly be 
seen that even these parameters can be recovered back to original levels as seen in Figure 6.17.  
Table 6.2 gives the corresponding values.  
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Figure 6.17: QE Vs Bias for various TMB contents 
 
 
Figure 6.18: QE Vs. Depletion width to evaluate diffusion length. 
 
Table 6.2: Mobility and diffusion length chart for various TMB content 
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6.3 SRH Statistics – Validity 
SRH statistics was formulated by Shockley, Read & Hall in 1952 [60].  This is the first 
theory to understand the recombination mechanism due to defects in the material.  After rigorous 
derivation, a simple relation between trap density and lifetime in a material has been derived.  
The equation is –  
   
 
     
     Equation 6-1 
Where  p is minority carrier lifetime (hole), p is the capture cross section, th is the thermal 
velocity of the carriers and Nt is the total defect density.  Now, we can see that the defect density 
is inversely related to the lifetime.  If we plot the defects and lifetime data we have, we get the 
curve as shown in Figure 6.19. 
 
Figure 6.19: Lifetime Vs Inverse defect density 
 
It can be clearly seen that the data show a distinct linear trend between the defects and the 
lifetime.  Unlike previous SRH curves [55], this curve passes through the origin which is exactly 
what the SRH derivation states.  Now, using Equation 6.1, we can evaluate the hole capture cross 
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section in the material.  The evaluation is done by assuming th=1.7x10
5
 cm/s and we can get the 
capture cross section to be p=3 x 10
-17
 cm
2
.  Figure 6.20 curve shows the data with errors. 
 
Figure 6.20: SRH Curve with error bars. 
6.4 Effect of grain size 
Grain size is an important parameter that affects the electrical properties of nc-Si.  It can 
be changed by varying either the gas pressure or the substrate temperature during deposition.  
Figure 6.21 & Figure 6.22 shows the variation of grain sizes that are obtained at Iowa State 
University by varying pressure and temperature. 
 
Figure 6.21: Grain Size Vs Pressure variation 
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Figure 6.22: Grain size variation Vs. Temperature 
 
There is a steady increase in grain size with both pressure and temperature.  It can be seen 
in Figure 6.21 that the grain size drops beyond 500mT.  This is attributed to the formation of 
powder in the reactor which is degrading the quality of the film.  This effect can be reduced by 
changing the distance (D) between the electrode and the substrate so that the Pressure-Distance 
product is kept constant [27].  Increasing temperature increases the grain size but at the cost of 
H-bond breaking in the material causing formation of defects which yields a poor quality 
material.  Staying at a low temperature is important which yields low grain sizes.  Hence there is 
a trade-off here.  The broken bonds in high temperature materials could be repaired by doing 
post-H anneal and preliminary results have been worked by A. Madhavan [61]. 
 
Devices were made at 100mT and 300mT to see if grain size variation can help reduce 
defects.  Figure 6.23 shows the total defects measured using CV (20Hz, 100C).  There is a 
significant reduction in defects due to the use of high grain size material.  Almost a factor of 2 
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improvement in defects has been witnessed.  Multiple grain sizes are needed for which major 
changes in the reactor needs to be performed and will be a future project to work on. 
 
Figure 6.23: Grain Size Vs. Defect Densities 
 
6.5 Effect of Crystallinity on defects 
From the properties of nc-Si described previously, we can see that the defects mainly 
come from the grain boundaries that have dangling bonds which can be passivated either by 
hydrogen or a-Si or both.  But if the crystallinity is too high, then the grain boundaries of two 
crystals touch each other without the presence of a-Si that will make it defective.  This should 
indeed lead to defects in the material and must be reflected in our low frequency capacitance.  
Figure 6.24 shows exactly that.  Though there is a significant error bar in our defect 
measurement, the trend follows the theory. 
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Figure 6.24: nc-Si Defects Vs Crystallinity 
 
6.6 Applications of CF measurements 
Capacitance – Frequency measurements can be used to characterize defects of varied 
types of devices.  Defects in the material can be best analyzed by CF measurement.  Other 
methods like Deep Level Transient Spectroscopy (DLTS) [62] are more error prone and complex 
to measure.  A few examples done at Iowa State University after development and setup of the 
measurement are given in this section. 
6.6.1 Defect profile for a-Si Vs nc-Si 
Nc-Si is considered to be very less defective compared to a-Si.  This is well known 
property that makes nc-Si superior over a-Si.  Upon performing CF measurement and obtaining 
defect density curves, Figure 6.25 shows the straight forward comparison. This data can also be 
denoised for clarity. 
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Figure 6.25: Defect Profile Comparison – a-Si Vs nc-Si 
 
6.6.2 Defect profile for a-Si Vs a-SiGe 
In this section, we will see how the defect profile varies by the addition of Germanium to 
a-Si.  This is generally done so that the absorption of the material increases which will help with 
improvement of efficiency but at the cost of change in defects.  Figure 6.26 shows how this can 
change with addition of Ge.  It can be seen that the defect near the midgap are significantly 
higher in SiGe due to greater irregularity in the lattice.  Also, there is a slight left shift for the 
defect peak which says that the band gap of the material is reducing which is exactly as expected 
(shown in circles).  Figure 6.27 shows the corresponding capacitance curves from which the 
calculation was made. 
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Figure 6.26: Defects comparison for a-Si & a-SiGe 
 
Figure 6.27: Capacitance Data for a-Si & a-SiGe 
 
6.6.3 Nc-Si/a-SiGe superlattice solar cells 
N. Chakravarty [23] has done extensive work on making a-SiGe/nc-Si superlattice solar 
cells.  It is basically a stack of alternating layers of both the materials.  Ge is introduced into the 
a-Si layer to improve absorption which might lead to more efficient devices.  But, Ge also causes 
formation of defects which can be clearly shown in Figure 6.28.  Efficient devices can only be 
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made if one could figure out a way to compensate for these extra midgap states.  Without 
providing solution to compensate these defects, there is no other way to attain high efficiency 
devices with germanium. 
 
Figure 6.28: Superlattice cells with varying Ge content in a-SiGe [23] 
 
6.6.4 Organic Solar Cells (P3HT:PCBM) 
CF method is so robust that even the defects in organic solar cells can also be measured.  
An organic solar cell is a bulk heterojunction and hence estimating its area is a challenge.  The 
defect density measured will only be an estimate and can be used for relative comparison.  J 
Bhattacharya et. al. [63] have used for this purpose to compare the variation in defects before and 
after light induced degradation.  Figure 6.29 shows that there is a significant increase in the 
midgap states of the material.  No other method as simple as CF can yield such important data of 
a material. 
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Figure 6.29: Change in Defect profile before and after 96 hours of light soaking [63] 
 
6.7 Effect of MESA Etching on defect measurements 
MESA etching of the samples help give a well-defined area for the solar cell while 
making capacitance based measurements.  When a capacitance measurement is done, we assume 
that the solar cell has the model of a resistance and capacitance in parallel to each other.  It has 
been observed that when MESA etching is performed, the parallel resistance value significantly 
increases (Figure 6.30) which indicates that the leakage effects are drastically reduced upon 
etching.  This gives us a better accuracy in the measurement of CF. 
 
The method of applying black wax on the sample is slightly crude and it needs practice to 
master it.  The best way is to use the wood end of the Q-tip, dip it in hot black wax and place the 
wax on a heated sample so that the wax flows from the Q-tip in circular format covering the 
contact. 
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Figure 6.30: Effect of MESA etching on Rp values 
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CHAPTER 7 CONCLUSIONS & FUTURE WORK 
The important conclusions obtained as part of this thesis work are presented and some 
directions to consider for future researchers are also listed. 
7.1 Conclusions 
 Capacitance – Frequency measurement has been initiated at Iowa State University to 
efficiently characterize the defect profile of the materials.  Frequencies as low as 20Hz 
was achievable. 
 A novel denoising technique has been developed to effectively remove the noise from the 
CF defect profile without loss in actual data.  This technique has been reported in MRS 
Spring 2013 Proceedings. 
 Systematic analysis of lifetime data has been developed.  Two different methods of 
evaluating storage time help us yield the error bar in our measurement.  Also, now the 
storage time Vs Inv. Err. Function passes through origin within 10%. 
 A simple layer by layer analysis technique has been implemented to keep constant 
crystallinity throughout the nc-Si layer which helped attain 20% increase in Voc. 
 Systematic analysis of oxygen doping in nc-Si has been done.  A steady increase in both 
dopant and defect densities have been observed. 
 From the defect profiles measured using CF, it can be seen that oxygen creates defects at 
both 0.38eV and 0.51eV below the conduction band.  This is in accordance to the oxygen 
created defects in c-Si which means that oxygen is being incorporated into the crystal 
grains of the material. 
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 Very high carrier lifetimes of about 1000-1100nS have been obtained for standard 
samples.  Due to the presence of oxygen, the lifetime steadily dropped almost by a factor 
of 2 for 1100 ppm [O2/SiH4] flow ratio sample. 
 Dark IV was measured on oxygen doped samples.  It can be seen that there is a factor of 
about 3 times increase in the Io value at -0.2V and 2.7 times increase at 0.1V.  This 
increase is approximately equal to the amount of increase in the defects of the material as 
measured by CV at 20Hz, 100
0
C 
 Oxygen degradation in the material can be compensated by using Boron.  Careful defect 
& lifetime analysis have been done.  With controlled addition of Boron, the defects in the 
material can be reduced to pristine no oxygen sample levels.  Both shallow states and the 
deep states are reduced. 
 Defect Profiles on the samples show that both the levels – 0.38eV and 0.51eV show 
reduction proving that oxygen induced defects are compensated.  This plot is also a proof 
that oxygen traps are created at these levels in the c-Si part. 
 Boron compensation for oxygen is probably due to the formation of BO complex which 
in turn does not create any electrically active defects.  This is likely similar to the 
complex formed in cz-Si. 
 Lifetime in the material due to addition of Boron can be also recovered back to the 
original levels of 1000nS thus recovering most of the properties of nc-Si. 
 It must be noted that the amount of Boron used to compensate for the oxygen is less by a 
factor of about 400 i.e. for every 400 atoms of oxygen flowing, we need only 1 atom to 
compensate.  This brings a challenge for fine control of TMB flow. 
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 Lifetime and total defect density as measured by CV have an excellent correlation with 
each other i.e. they are inversely related as formulated by SRH theory.  From the plot of 
Lifetime & 1/defect density using SRH equation, we can obtain the hole capture cross 
section to be p=3x10
-17
 cm
2
. 
 Grain size of nc-Si can be increased by both temperature and pressure.  Increasing the 
grain size in devices has shown a significant drop in defect densities from 2.5x10
15
 to 
1.5x10
15
/cm
3
.  Though high lifetimes were not achievable probably due to powder 
formation which might be degrading the material quality.   
 Crystallinity of the material also shows an increase in the defects of the material.  It could 
be attributed to the collision of grain boundaries.  Defect densities as high as 7 x 10
15
/cm
3
 
are measured for samples with high crystallinity. 
 Capacitance Frequency spectroscopy has many applications – It has helped characterize 
defects in a-Si Vs. a-SiGe cells, nc-Si/a-SiGe superlattice cells and organic solar cells. 
 MESA etching is an excellent way to reduce fringe capacitance effects, reduce leakage 
thus making our measurement more accurate. 
7.2 Future Work 
 Just as oxygen which is present in the atmosphere affects the nc-Si device properties, 
even nitrogen has been observed to do the same.  Studying the variation in fundamental 
properties due to nitrogen incorporation just as shown in this thesis is the next logical 
step. 
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 Variation in defects & lifetimes are shown with respect to the change in oxygen/TMB 
flow.  It would be more precise to perform SIMS measurement to determine the actual 
amount of oxygen/boron incorporated in the material. 
 Modifying the geometry of the reactor (changing the electrode – substrate distance) will 
help achieve high pressures through which high grain size and better devices can be 
fabricated.  Defect densities in the 10
14
/cm
3
 can be achievable through this route. 
 Higher order Silanes (disilane, trisilane etc.) can be used to achieve faster growth rates 
and probably high grain sizes.  This could be another direction for improvement. 
 Dopant densities can be tried to evaluate more accurately by using low temperature 
measurements because the highest frequency without inductance effects is not sufficient 
enough to pick up only very shallow states.  Lower temperature CF measurements will 
also help to profile shallow states of a material. 
 Accurate measurement of built-in voltage by performing Voc vs. intensity measurement, 
measurement of attempt to escape frequency as mentioned by Walter [35] could help the 
existing CF measurement to get more accurate. 
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